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SUMMARY

An e~erimental investigationwas conductedto determinethe
feasibilityof bearinglubricationby a processinvolvingthe
transferof molybdenumdisulfidefrmnwithinthe structureof a
compositebearing~terial to the interfacebetweenthe contacting
surfaces. The investigationwas also oonductedto establishthe
proportionateamountof lubricantnecessaryin sucha bearingmate-
rial. A studywas made of bearingmaterialscomposedof various
amountsof molybdenumdisulfide(up to 35 percent),silver,and
5-percentcopper.

The experimentswere performedwith a kinetic-frictionappa-
ratusemployinga rotatingsteeldisk and a bearing-specimen
assemblysuspendedand restrainedby metal springs. The bearing
specimenhad a hemisphericalcontact- surface. Experhnentalruns
were made over a rangeof slidingvelocitiesbetween75 and
6000feet perflfinutewith loadsof 269,519, and 1017 grams. Spec-
imen surfaceswere studiedwith standard-metallurgicalandphystcal
techniquesand equipment.

The materialsinvestigatedwere lubricatedbya transferof
solidlubricant(molybdenumdisulfide]fromwithinthe structureof
the riderto the interfacebetweenriderand slider. This transfer
resultedimthe formationof an effectiveMbricatin.gfilm. The
best co~osition studiedin this imestigation,from considerations
of both frictionand wear, contained10-percentmolybdenumdisulfide.
This compositionshowedthe lowestrate of wear and relativelylow
friction(approachingthe lowestobtained);the frictionfor this
materialwas relativelyunaffectedly slidingvelocity. Surface
weldingoccurredwith specimenscontainingless than5-percent
molybdenumdisulfide.
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Some of the conditionsunderwhich aircraft-propulsionsystems
must operatecan resultin extremeboundarylubricationbetweenthe
contactingsurfaces;at theseconditions,somemetal-to-metalcon-
tactwouldresult. As an example,Gurneyin reference1 statesthat
the temperaturesattainedin rolli.ng-oontaatbearingsaftershutdown
can result in vaporizationof the lubricant,whichpermitsmetal-to-
metalaontacton subsequentstartingof the engine. Bearingmate-
rialscontaininga solidlubricantpreparedby powder-metallurgy
techniquesmightbe suitablefor reducingfrictionand preventing
weldingunderconditionsof metal-to-metalcontact. Thesematerials
would consistof a relativelyhardmatrixin which smallparticles
of a softphaseare dispersed.A materialsuchas molybdenum
disulf’ideMow mightadequatelyserveas the softphase. Accord-
ing to reference2, M6S2 1s an effectivesolid-filmlubricantunder
extremeconditionsof slidingvelocityand surfaceload. Analy8isOf
the lubricatingactionof MoS2, presentedin reference2, ~cates
thatwithinthe rangesof thermaland chemicalstabilityofthe mate-
rial (reference3] it shouldbe an effectivelubricant. Although
preparedsurfaceoxidesare consideredbeneficialin MoS2 lubrica-
tionof steel.surfaces,researchusing MoS2 as an additivein
fluidlubricants(reference4) showsthat the preparedoxidesare
unnecessaryfor effectivelubricationin all cases.

Experimentswere conductedatthe HACA Lewisl.aboratoryto
determinethe mechanismof actionand the frictionand wear prop-

. ertiesin dry slidingof hot-pressedbearingmaterialscontaining
MoS2. A secondarypurposewas the determinationof the optimum
concentrationof MoS2 from considerationsof both frictionand
wear. The principalconstituentof the materialsinvestigatedwae
silver Ag with a smallamountof copper Cu. Thismatrixwas

* selectedbecauseof itsknown desirablebearingcharacteristics
and becauseit couldbe formedby pawder-metallurgytechniques.

The apparatusused for theseexperimentsconsistedof an elas-
ticallyrestrainedriderhavinga hemisphericalcontactingsurface
slidingon a rotatingsteeldisk. The friationand wear character-
isticsof the bearingmaterialswere studiedwith loadsfrom 269 to
1017 grams (0.5Sto 2.19 lb) at slidingvelocitiesup to 8000 feet
per minute. Specimenswere preparedof variousconcentrationsof
MoS2 (froml to 35 percent), AS) and 5-percent Cu.
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Frictionand wear specimens.- The specimensused in these
experimentsconsistedof a rotatingsteeldisk,comprisingthe slider,
and a cylindrical-shapedrider3/8 inch in diameterwith a
hemispherical-shapedcontactingsurface(3/16-in.radius)on one end.
The hemisphericalsurfaceof the riderwas producedby shapingwith a
specialcutter. The wear surfacewas reshapedaftereachfriction
run to removethe wear spotand the surfacewas then lightlypolished
with 0000 emerypaper. The ridersconsistedof specimenswith various
concentrationsof WS2 (from1 to 35 percent), Ag,- and 5.-percent
cu.

In the contactof the sphericalsurfacewith the flat surface,
the equivalentMtial Hertzsurfacestressfor the 269-gram
(0.58lb) load is approximately61,000poundsper squareinch if
elasticdeformationof both specimensand a modulusof elasticity
for the ridernearlyequivalentto that for Ag are assumed. This
value is an approximationas someplasticdeformationprobablyoccurs
becauseof lack of homogeneityof the powder-metallurgy.specimens.
Also,the modulusof elasticityfor thesespecimensis probably
unequalto thatfor Ag in all combinationsof MoS2 and Ag.

‘Specimenpreparation.- The bearingspecimensusedwere formed
by hot-pressingpowderedconstituents.The apparatusused to form
the spectiensconsistedof an inductionheatingunit,a hydraulic
press,and a carbondie. The carbondie was made from a 3-inch-
diameterrod approximately inchesIongwith a 3/8-inch-diameter
holeboredalongits axis. The die was heatedto a temperatureof
1400°F withina few minutesby the inductionunit; subsequently,
the powderedmixturein the diewas compressedwithin10 to 15 sec-
ondsby a 3/8-inch-diemetercarbonrod contactingthe anvilof the
hydraulicpress. The maximumpressingforcewas 900 pounds,pro-
ducinga maximumunit loadingof approximately8100 pounds per
squareinch. Afterpressing,the specimenswere allowedto cool in
the dies to a temperaturebelow1400F, whichrequiredseveralhours.
The disksof the frictionapparatus,made of SAE 102o steel,were
finishedand cleanedas describedin reference5. After cleaning,
the disk surfacewas free of adsorbed~ease film as indicatedby
the abilityof waterto wet the surface. A thin (15to 25 A) film
of ferroso-ferricoxide Fe304,however,remainedon the surfaceas
statedin reference5.

The materialsused in the riderscouldnot be satisfactorilymixed
in a conventionalball mill;consequently,it was necessaryto mix
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themby handwith a spatula. The
partsof the ballmill to suchan

NACA TN 2027

MoS2 adheredto the operating
extentthat it was impossibleto

obtainspec-s havingknownconcentrationsof MoS2.

Frictionapparatus.- The frictionapparatusused for these
cuq?erimentsis the sameas that describedin reference5 exceptthat
it was modifiedto accommodatethe cylindrical-shapedriderspec-
imen. A diagrammaticsketchof the apparatusshowingthe elastically
restrainedrider-holderassemblyand the rotatingdisk thatare the
primarypartsis presentedin figure1. The disk is rotatedby a
hydraulic-nwtorassemblythatprovidesaccuratespeedcontrolover
a rangeof slidingvelocitiesfrom50 to 18,000feetper minute.
Loadingis accomplishedby placingweightson the riderholder.
Frictionforceis measuredly fourtemperature-compensatedstrain
gagesmountedon a copper-berylliumdynamometerring and connected
to an obsemation-typepotentiometerconvertedto use as a frfction-
forcei+cator.

The apparatusincludesa electricallydrivenradial-feedmech-
anismcalibratedto indicateradialpositionof the rider. The
radialfeed is used to positionthe specimenand,when desired,to
causethe specimento traversea spiralpath on the rotatingdisk.
The frictton-forcereadingsare recordedby a motionpicturecamera
(64frames/see) timedto operatefor 3 seconds,coveringeach separate
frictionrun. The specimendiskis mountedon a flywheelassembled
with its shaftsupportedand locatedby a mountingblockcontaining
bearingassembliesfor accuratelocation.

Methodof conductingexper@ents.- Frictionrunswere made
with loadaof 269,519, and 1017grams (0.58,1.14,and 2.19 lb) at
slidingvelocitiesfrom 75 to 8000feetper &lnute-usingriders
containingvariouspercentagesof MoS2 with a Ag and Cu base.
Separatewear runsweremadewith a loadof 519 gramsat a sliding
velocityof 50CQ feetper minutefor periodsof 1 hour.

In conductingthe frictionruns,the disk isrotated at a pre-
determinedspeedand,by meansof a cam arrangement,the loaded
rideris loweredonto the diskas the radialfeed is started. As
the ridertraversesthe diskalonga spiraltrack,friction-force
is indlcatedbythe potentiometerand recordedby-thecamera;disk
rotativespeedis determinedwith an electricrevolutioncounter
and a synchronizedtimer. The run is terminatedafter3 secondsby
lifttngthe riderfrom the movingdisksurface. lfeanslidingveloc-
ity for the experimentis computed
speedand the mean diameterof the
eter of the riderpath on the disk

from the recordeddiskrotative
riderpath. The changein diam-
resultingfrom the radialtravel
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of the rideroausesa maxhum deviationin slidingvelooityof
approximately3 percentfrom the mean value.,

Time lag h the mechanicaldrivethat determinesthe responserate
of the potentiometerused for indicatingfrictionforcewas more than
one-halfof the totaldurationof a singlerun (3 see) in caseswhere
high frictionvalues were obtained. In orderto minimizethis diffi-
cultyand therebyobtainthe longestpossibleperiodof time at stabi-
lizedf%ictionvalues,it was normalprocedureto preloadthe force-
measuringsystemto approximatelythe expectedfriction-forcevalue.*

The wear runswere made by allauingthe riderto slideover the
sametrackon the disk. The durationof the wear runswas deter-
minedwith a conventionalstopwatch.

The limitsof expertientalerrorin the frictionveluespre-
sentedwere not constantin all the experimentsbecauseof incon-
sistenciesin the riderspecimens. In all but isolatedcases,the
reproducibilityin coefficientof frictionwas within +0.05 of the
valuesgivenand in general was less. By definition,the coefficient
of frictionis the ratioof the frictionforceto the appliednormal
load. This scatterof data,althoughrelativelygreat,may possibly
be e~laine dbynon-homogeneityof rider specimens,whioh resulted
in high frictionwhenwearingthroughthe hardmatrixand low fric-
tionwheneveran inclusionof the solidlubricant MoS2 was reached.
The limitsof reproducibilityin the wear-spotdiametermeasurements
was within-O percentand the errorin weight-lossmeasurementswas
greater;in consequence,the most emphasiswas placedon the wear-
spot diametermeasurements.

Wear of the riderwas determinedfrommeasurementsof wear-sDot
diametermadewith
with an analytical
each spedmen were
hardnesstester).

a calibratedmicroscopeand by weightloss ob~ined
balance. Hardnessmeasurementsof the matrixof
madewith a BierbaumMicrocharacter(scratch

BESULTSAND DISCUSSION

slidingvelocity.- In orderto evaluatethe frictiondata
obtainedwith the hot-pressedbearingspecimens,the dataof refer-
ence5 relativeto the effectof slidingvelocityon the coefficient
of kineticfrictionfor dry steelsurfacesare presentedin figure2.
These data includeloadsfrom269 to 1017 grams (0.58to 2.19 lb];
for the steel-on-steelsurfaces,frictioncoefficientwas independent
of load (thatis,Amonton~slaw was verified). Comparativedata
presentedin reference6 indicatethatwith commonbearingmaterials,
includingsteelslidingon bronze,cadmium-nickel,or babbitt,fric-
tion coefficientsin the rangeof 0.22 to 0.55were obtained.
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Data showingthe effectsof slidingvelocityon frictionfor
hot-pressedriderspecimenscontainingvariouspercentagesof MoS2
with “Cu and Ag are presentedin figure3. In comparingthe
frictioncurves(ata loadof 269 grams)for the variousrider
specimens,appreciabledecreasesin frictionwith increasesin
slidingvelocitybetween1000,and 8000feetper minuteare evident
for MoS2 concentrationsof lessthan5 percent. In general,with
the higherconcentrationsof MoS2, the frictionforcesstabilized
and showedlittlechangewith variationin slidingvelocity.

*
The dataof figure3 also includepointsfor loadsof 519 and

1017 gramsas well as for the 269-gramload (thecurvesare for
the 269-gramload}. Load apparentlyhas littleeffecton friction
over the rangeinvestigated.In all theseexperiments,however,
the data saatterwas quitelarge,possiblymaskingany effectof
load on~frictioncoefficient.Absenceof a discerniblegeneral
effectof loadmay reflectthe lackof homogeneityobservedin the
hot-pressedspecimens.Voidsand relativelylargeinclusionsof
MoS2 in the specimenswere common.

Concentrationof MoS2.- As shownin figure4, frictiongen-
erally decreasedwith increasedMoS2 concentration.The greatest
effectof-concentrationon frictionwas observedin the rangeof
concentrationsof MoS2 betweenO and 5 percent. With highercon-
centrations,the relativeeffectof the amountof MoS2 on friction
was less;however,a decreasein frictioncontinuedwith increased
concentration.

Enlargedphotographsof wear areasproducedon specimensof
various MoS2 concentrationsduring1 hour of operationat a sliding
velocityof 5000 feetper minuteand a loadof 519 gramsare presented
tn figure5. Wear runsweremade with the 519-gramloadbecauseof
inabilityto obtainsignificantwear data in a reasonableperiodof
timewith the 269-gramloadused in presentingmost of the friction
data. Data on the physicalmeasurauentsof wearon thesespecimens
are presentedin figure6. Becausethe reproducibilityof theweight-
Ioss datawas not nearlyas goodaq thatfor the wear-spotdiameter,
the weight-losscurveis includedonlyto showthe trendand to
indicatethe generalcorrelationof the two methodsof wearmeas-
urement. A frictioncurveis also includedin figure6 for these
specimens;this curveis cross-plottedfromfigure3. Thesedata
showa definiteminimumamountof wearwith specimenshavingapprox-
imately10-percentMoS2. Greaterwear of specimenscontainingmore
thanthisamountis attributedto lowerspectienstrengthresultlng
from the largerproportionof the softphase (MoS2) withinthe

.
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hardmatrix. A photomicrographof a Bierbaumhardnessscratchnmde
on the surfaceof a specimencontaining15-percent MoS2 is presented
in figure7. Filteredlight,used in makingthis figure,accentuated
directionalsurfacedisturbancessuchas the hardnessscratch. Com-
parisonof the width of this scratchand data obtainedwith specimens
containingdifferent MoS2 concentrationsimdicatedtherewas little
differencein matrixhardnessof spec-ns havingvariousratiosof
Ag to cue Equivalentscratcheshavebeeq obtainedin othermate-
rialsthathad measuredBrinellhardnessnumbersof approximately
150. No physicalmeasurements,suchas tensileand compressivetests,
were made but increasingthe amamt of lubricantinclusions (MoS2)
wouldprobablyadverselyaffectthe strengthof the compositemate-
rial. A cursorystudyof the finenetworkof linesthat appearin
figure7 indicatedthat thisnetworkmight correspondto the .MoS2
inclusions.A groupingof thesenetworklineswould correspondto
a relativelylargeitilusionof MoS2 thatwould thenbe visible
undernormallighting,as shownin figure8. A photomicrographof
&finely abradedsurfaceof a spectiencontaining15-percent MbS2
is presentedin figure8 showingtypicaldispersionof the solid
lubricantundernormallighting.

Surfacestudies.- Whenan effectivelubricatingfilm (result-
ing in low frictionandno welding)was establishedbetweenthe
riderand the steel-disksurfaces~-thecontactingareasshowed
characteristicdiscoloration.This discolorationloweredthe
reflectivityof the surfacesand, in general,nude photomicroscopy
more difficultand renderedblack and whitephotomicrographsless
significant● In some cases,the comnonvariedlinesof discolora-
tion appearedin black and whitephotomicrographsas indicating
severesurfacedisturbmce when in realityno significantsurface
disturbanceexisted,as determinedfrom eithera visualstudyor a
studyof full-colorphotomicrographs.

Severalphotomicrographsof wear surfacesof riderand disk
specimensafter1 hour of operationat 5000 feet per minutesliding
velocitywith 519 gramsload are givenin figure9. In figure9(a),
the wear surfaceof a riderspecimencontaining95-percentAg and
5-percept Cu is shown. The photomicrographshowsnormalabrasiti-
typewear, as well as a pit thatmay have been causedby plucking
out of materialbecauseof a strongweld betweenthe slidingsurfaces.

. A characteristicsurfacecrackis also shownon the upperpart of the
photomicrograph.Surfacecracksof thisnatureere comon in dry
frictionwith many materialsincludingsteeland are probablycaused
by the high surfacestressesresultingfromwelding. Thesehigh
surfacestressesin the directionof motionproducesurfacefailures
in the form of cracksnormalto the directionof motion. In con-
sequence,the surfacecrackof figure9(a) cannotbe consideredas
resultingfrom any characteristicspeculiarto thismaterial.
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The matingdisk surfacefor the ridershownin figure9(a) is
presentedin figure9(b). This disk surfaceshowsa surfaceweld
of the ridermaterialto the steel. Surfaceweldsof thisnature
were commonwith all riderspecimenscontainingless than5-percent
MoS2. The dark spotsappearingall overthe normalrunningsurface
in figure9(b)were probablycausedby oxidationof ridermaterial
transferredto the disk.

The wear surfaceof a riderspecimencontainingl!5-percent
MoS2, 80-percentAg, and 5-percent Cu is shownin figure9(c).
The apparentsurface disturbancesin this case consistof the sur-
face discolorationpreviouslydiscussedand the surfacesof inclu-
sionsof M&z, indicatedin figure8. No evidenceof surface

weldingor othercommonformsof lubricationfailurewas foundon
this surfaceor on the mating~teelsurfaceshownin figure9(d).
In figures9(c)and 9(d),surfacesthatare consideredrepresentative
of the contactareasobservedin all casesof the satisfactoryoper-
ationthatocaurredwith concentrationsof MoS2 of 5 percentor
higherare pict~ed. In thesecases,surfacediscolorationof both
the riderand the diskoacurred;this discolorationwas primarily
the resultof the MoS2 beingtransferredfrom the ridermaterial
to form a lubricatingfilm. The lubricatingfilmwas quitethin
althoughit had sufficientthicknesson the steelsurfaceto include
particlesof wear debrisfromthe ridermatrix. The lubricating
filmwas not perfectlycontinuousbut seemedto covermost of the
contactingsurfaces. Surfacecolorationmade identificationof the
filmmaterialpresentcomparativelysimple.

Examinationof the friction,wear,and surface-studydata
obtainedestablishesthe fact that an optimumconcentrationof MoS2
existsthat seemsto be approximately10 percent. Abovethat con-
centrationwear increased,frictiondecreasedonly slightly,and
no indicationof any furtherdesirableeffecton surfacecondition
oacurred.

In general,by comparisonof the frictiondataobtainedin this
investigationwith thatof figure2 and reference6, it is indicated
thatbearingsurfacesmade of hot-pressedAg, Cu, and MoS2 may
have suitablefrictioncharacteristicsat moderateslidingvelocities
and underconditionsof metal-to-metalcontact. The dataof this
investigationalso indicatethatthe solidfilmlubricant MoS2
was effectivein preventingweldingat concentrationsgreaterthan
5 percentevenunderconditionsof metal-to-metalcontact. This
resultis in contrastto thatfor the steelsurfacesof reference5,
whereweldingtookplacewheneverthe surfaceswere dry and clean.

A
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Surfacestudiesof
pressesrider show

9

the disk spectiensafteroperationtith the hot-
that MoS2 is transferreilfrom the ridermate-

rial to form a lubricatingfilm similarto that describesin refer-
ence 7, which statesiihatIea& is exttieii(fromcopper-lead.bearings)
to form an eftectivelubricatingfilm on steelsu?faces. A chemical
spottest Wmteti that the film presenton the rubbeasurfacecon-
tainedmolyliienum.The spottest used is tlescribeain reference8
and involvedthe use of ammonim hydroxideto dissolvethe molylxienum
cmpound. This solutionwas thenabsorbedon filterpaperthatwas
acidifiedin fumes of concentratehydrochloricacia. A drop of
sodiumthiocyanatesoluticmwas then adiled,and, in those caseswhere
molybdenumwas present,a brown-reacolorappeared. The intensity
of coloraependeaon the orlghal concentrationof molybtlenum.A
furthercheekwas tie by the additionof Atannouschloride,whioh
will tiiscolorthe solutionif the coloris aue to iron. The results
of the checksubstantiatea”theitiicationthatmolybdenumand not
ironwas predominately~esent in the film material. The matrix
materialof riderspecimenshav5nglessthan !5-percentMoS2 shcwea
hmediate surfaceweldi~ to the steelwhen operateaat high sllaing
velocities.Becauselubricationby thin solidsrequiresa film of
finitethickness,the pxess of graaualrunning-inof such surfaces .
wouldprobablyincreasethe thiclmessof a t=emed fih of %.
This MOS2 film wouldprotectthe suz%acesagainstfailureaurtng
subsequentoperationat highersliilimgvelocities.

SUMMARY(l?RESULTS

Hot-pressedbear- materialscontainingmolybdenw disulfide
~2# silver Ag, and copper Ou, formeain cylinderswith hemi-
sphericalcontactingends,were o~rated againstrotatingdry steel
disksat slidingvelocitiesbetween75 tid.8000feet per minuteand
with loadsof 269, 519,and 1017grams. Under theseconditions,the
followingresultswere observed:

1. The bearing,materialsinvestigatedfunctioneiiby a transfer
C& Solialubricant(molyb&enumdisulfiae MoS2) from withinthe
structureof the riclerto the interfacebetweenthe riderand the
steelslider;this transferresulteah the formationof an effec-
tive lubricatingfilm on the steelsurface.

2. Of the bearingcompositionsimrestigatea,the one containing
10-percentmolybdenumtisulfide MoS2, 85-@rcent silver Ag, and
%peroent mpper Cu was shownto have the best performancechar-
acteristicswith regarato both frictionand wear. Lower concentra-
tionsof, Mo% resulteain higherfriction,greaterwear, an&, in
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most cases$surfacefailtieby welding. Concentrationsof MoS2
above10 percentresultedin a slightdecreaseof friction;however,
wear increased,probablybecausethe higherconcentrationof MoS2
loweredthe physicalstrengthof the material.

3. Slidingvelocitiesup to 8000 feetper minutedid not
influencethe frictionvaluesto any appreciabledegreealthough
the trendsshoweds- deviationwhen lessthan5-percentmolyb-
denumdisulfide MoS2 was includedin the materials.
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at varloua loads. Curve is for 269-gram load.
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hot-pressed bearing materials containing silver Ag and
for 1 hour; load, 519 grams; slidtng velocity, 5000 feet

MoS2 concentration on wear of
5-percent copper Cu; operation
per mtnute. X3.
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Figure 6. - Effectof molybdenumdisulfide MoS
?

concentra-
tion on wear and frictionof hot-pressedbear ng materials.
Operationfor 1 hour; load, 5S9 grams; slidingvelocity,
sooo feet oer minute:material,molybdenumdisulfide Mo%,
silver
plotted

Agj and 5-percentcopper C%. (Frictioncurve cr6ss-
from fig. 3 at slidingvelocityof’5000ft/min.)
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Figure 7.
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- Photomicrograph of Bierbaumhexd.ness scratch on finely abraded surface of hot-
bearingmaterial containing 15-percent molybdenum disulflde MoS2, SO-percent

&, and 5-percent copper Cu. Green filter. XII@.
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Figure 8. - Photomicrograph of finely abraded surface of hot-pressed bearing material
showing dispersion of molybdenum fiisulfide MoS2 as dark areaa.

Material, 15-percent
molybdenm disulftde MoS2, 80-percent silver Ag, and 5-percent copper Cu. XIOO.

.



, *



NACA TN 2027 27

(a) Wear surface on rider containing 95-
percent silver Ag and 5-percent cop-
per Cu.

.

,

(c) Wear surrace on rider containing 15-
percent molybdenum disulfide MoS2,

80-percent silver Ag, and 5-percent
copper Cu.

(b)Mating wear surfa.ceonsteeldlsk
Operathg with rid= Bhown in fig-
ure 9(a).

(d) Mattngweer surface on steel disk
operating with rider shown in fig-
ure 9(c).

C-24710
11-22.49

Figure 9. - Photomicrographa of representative wear exeas onhot-pressed bearing-~t~ial
rider specimens and mating steeL disk surfaces after 1 hour of operation. Load, 519
m; sli~ velocity, 5CKX3feet Per mlmte. Figures 9(a) and 9(b) are representative
of surfaces that failed, observed with molybdenum dfaulfide ~ concentrations less than

5 percent. Figures 9(c) and 9(d)are representative of satisfactory surfaces observed
with molybdenum disulfide MoS2 concentrations of more than 5 percent. ~00.
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